The literature on the contribution of kerosene lighting to indoor air particulate concentrations is sparse. In rural Uganda, kitchens are almost universally located outside the main home, and kerosene is often used for lighting. In this study, we obtained longitudinal measures of particulate matter 2.5 microns or smaller in size (PM 2.5 ) from living rooms and kitchens of 88 households in rural Uganda. Linear mixed-effects models with a random intercept for household were used to test the hypotheses that primary reported lighting source and kitchen location (indoor vs outdoor) are associated with PM 2.5 levels. During initial testing, households reported using the following sources of lighting: open-wick kerosene (19.3%), hurricane kerosene (45.5%), batterypowered (33.0%), and solar (1.1%) lamps. During follow-up testing, these proportions changed to 29.5%, 35.2%, 18.2%, and 9.1%, respectively. Average ambient, living room, and kitchen PM 2.5 levels were 20. that exceed WHO recommended standards.
| INTRODUCTION
Indoor air pollution from solid fuel use leads to 3.9 million premature deaths a year globally 1 and is one of the most important environmental risk factors contributing to the global burden of pulmonary, cardiovascular, and cerebrovascular disease. 2 In low-and middle-income countries such as Uganda, over 95% of the population relies on biomass fuel for heating, cooking, and lighting, 3 with women and children disproportionately affected due to the time spent indoors during high-exposure activities. 4, 5 Particulate matter, a component of indoor air pollution, is thought to be associated with adverse acute and long-term respiratory effects including an increased risk of acute respiratory infections, chronic obstructive pulmonary disease, and lung cancer. 6, 7 For example, a dose-response relationship between indoor particulate levels and acute respiratory infections has been identified in rural Kenya, 8 whereas a recent cross-sectional study in rural
Uganda has also identified a high prevalence of early-onset chronic obstructive pulmonary disease in women, with exposure to biomass smoke being the major risk factor. carbon monoxide levels (as a surrogate measure of particulate matter levels) and fieldworker assessed severe pneumonia. A recent large randomized controlled trial of cleaner cookstoves in Malawi also failed to demonstrate a reduction in childhood pneumonia. 11 Other randomized trials of improved cookstoves in Ghana 12 and Rwanda 13 did not find a significant reduction in indoor air pollution; one explanatory factor may be poor compliance with use of the improved cookstoves.
A field test of improved cookstoves in rural India did find reductions in indoor particulate matter and carbon monoxide concentrations.
However, no improved cookstove was able to achieve reductions in indoor air pollution to levels below 25 μg/m 3 .
14 Although there is no clear "safe" threshold for PM 2.5 exposure, 25 μg/m 3 is an interim target for 24-hour averaged PM 2.5 exposure deemed acceptable by the World Health Organization (WHO). 15 This measure, however, does not accurately reflect PM 2.5 levels at peak exposure that may be independently associated with acute health effects.
In contrast, kerosene used for lighting has not received significant attention as a contributor to indoor particulate levels. that exceed WHO recommended standards.
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In rural Uganda, the kitchen is almost always located outside of the main home, typically in a separate structure or outdoors. Concurrently, there is a heavy reliance on kerosene for indoor lighting. The primary aim of this epidemiologic study was to determine whether reported primary lighting source was associated with indoor PM 2.5 levels in the main home.
| METHODS

| Study population
We recruited women living in rural villages in Nyakabare Parish located in southwest Uganda. A survey of all households in Nyakabare parish was previously conducted as part of an ongoing population-based study evaluating the effect of different social, policy, and economic interventions. None of the households in this area are connected to the national electrical grid. For this substudy, we first held a series of community meetings with the village health teams, district health officials, and village leaders to explain the purpose of the project and to demonstrate the air sampling equipment. Trained fieldworkers were then paired with research nurses and a member of the village health team to visit a subsample of homes and obtain informed consent to participate in this study. A total of 88 women from distinct households located in seven village cells were enrolled.
| Indoor environment assessment
Trained research assistants first conducted a walk-through of each home. Characteristics of the home including location of the kitchen, type of fuel used, type of indoor lighting, and materials used in home construction were recorded on a standardized questionnaire. A kitchen was considered to be indoors if it was located in a structure that had at least three walls. Kerosene lamps were categorized as either open-wick lamps or hurricane lamps (see Figure 1 ). Teflon filters from living rooms were analyzed for indoor black carbon (BC) concentrations by measuring filter blackness using a smoke stain reflectometer (model EEL M43D, Diffusion Systems). We used the standard black-smoke index calculations of the absorption coefficients based on reflectance. 19 We assumed a factor of 1.0 for converting the absorption coefficient to BC mass, 20,21 which was then divided by the sampled air volume to calculate average BC exposure concentration.
| Exposure assessment
Field blanks were used to account for potential bias in filter weight due to sampling methods. Average net weights of field blank samples were negligible (mean 0.009±0.005 mg); thus, we did not blank correct our samples.
| Questionnaire
To assess respiratory symptoms, trained research assistants administered a modified version of the American Thoracic Society Questionnaire in Runyankole, the local language. Additionally, questions regarding demographics, household assets, cooking practices, primary lighting source, time use, and health of children in the household were also obtained.
| Statistical analysis
Summary measures of PM 2.5 by location were calculated. In unadjusted analyses, the Kruskal-Wallis test was used to determine differences in PM 2.5 levels by location (outdoor, living room, kitchen)
and by lighting source. In adjusted analyses, linear mixed-effects models were used, with a random intercept for household to adjust for repeated measures of PM 2.5 levels in the same home. PM 2.5 levels were natural log-transformed to account for the skewed distribution, and a categorical variable for sampling phase was used to adjust for seasonal trends. To adjust for household wealth as a potential confounder between lighting and indoor PM 2.5 levels, we calculated an asset-based index for household wealth that has been validated for use in resource-limited settings. 22 This index is based on a series of 19 survey questions regarding both household assets and housing characteristics (e.g, number of plots of land owned, whether a household member owns a radio, whether the home has a cement floor). To test the hypothesis that PM 2.5 levels differed by location, a categorical variable for location (outdoor, living room, kitchen) was used. To test the hypothesis that kitchen PM 2.5 levels differed between indoor and outdoor kitchens, the kitchen indicator variable was further subdivided by kitchen location (indoor vs not indoor), adjusting for sampling phase.
To test the hypothesis that living room PM 2.5 and black carbon levels as covariates. All statistical analyses were performed in R 3.3.0; the R packages nlme 23 and ggplot2 24 were used for mixed-effects models and plotting, respectively. Two-sided P-values of <.05 were considered statistically significant.
| Ethics
Written informed consent to participate in this study was obtained from all participants. The study was given ethical approval by the 
| RESULTS
This study included 88 women from distinct households. Table 3 and Figure 2 Similarly, when evaluating living room black carbon levels, there were significant differences in black carbon levels based on primary lighting source (P=.002, Kruskall-Wallis test). Average black carbon levels by lighting source were as follows (see Table 4 
| DISCUSSION
In this epidemiologic study describing the contribution of cooking and lighting to household air pollution in a resource-limited setting, we found that indoor PM 2.5 levels were higher in cooking as compared to non-cooking environments. In non-cooking environments, reported primary lighting source was significantly associated with indoor PM 2.5 levels, with homes relying on open-wick kerosene lamps having higher T A B L E 3 PM Several experimental chamber studies have examined kerosenerelated combustion products. In one study, investigators described the particle size distribution and particle mass concentrations associated with diesel and kerosene lighting in a mock Kenyan market kiosk under high ventilation conditions. 17 They found that use of kerosene or diesel lighting was associated with PM 2.5 levels that consistently ex- Black carbon levels were measured over two time periods using reflectance to measure filter darkness. Primary reported source of lighting is a significant predictor of living room black carbon levels, with black carbon levels being 4.72 (1.63-13.64) times higher in homes using open-wick kerosene lamps compared to homes using solar lighting (P=.01).
further supporting the idea that lighting rather than other combustion sources is an important contributor to indoor particulate concentrations inside the main home. In a case-control study, Pokhrel et al.
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found that use of kerosene-based lighting was associated with a striking 9.43 increased odds of active tuberculosis, highlighting the emerging literature on potential adverse health effects associated with kerosene-based lighting. Other studies on the use of kerosene either as a cooking fuel or for lighting have focused on acute health impacts such as reduced risk of burns from accidental fire, accidental poisoning from kerosene ingestion, or economic outcomes. 16, 28 A strength of our study is that it is an epidemiologic study conducted in a large number of residential homes. Another strength is the longitudinal design, which allowed us to adjust for the effect of seasonality on both lighting source and particulate concentrations in our analysis. We note that choice of lighting source for the same participant changed over our sampling period and may have reflected a spike in fuel prices between our first and second sampling phases.
An additional strength is that rather than using carbon monoxide as a surrogate for PM it is likely that the magnitude of peak exposure may be predictive of health effects as well. We did not measure air exchange rates limiting comparability with other studies. However, in rural Africa, homes are unsealed and therefore highly ventilated-tracer gases would be removed quickly and so it would be difficult to measure air exchange rates. We did not perform triplicate measures of the same location at the same time to demonstrate the potential variability of our sampling strategy. Living room and personal PM 2.5 levels were likely underestimated. This is because we performed environmental assessment over a 24-hour period, while the home did not require lighting during the daytime, indicating that measured values do not reflect peak values.
Area sampling is also not a good surrogate for personal measures, particularly because kerosene lamps are often carried from room to room at night. Furthermore, we did not use thermal monitors to verify that stoves in kitchens, secondary stoves inside homes, or kerosene lighting were used during the period in which we conducted environmental sampling. Although research assistants instructed participants to carry on with their daily activities as per usual, our study team was informed that in a few cases, participants were initially afraid to cook near the area samplers for fear of damaging them. This likely explains why some indoor kitchens had measured PM 2.5 levels that approximated ambient levels and also suggests that the overall PM 2.5 levels in our study were likely underestimates. Due to budget limitations as well as initial concerns from the community regarding placing samplers inside the main home, we were unable to sample all living rooms and all kitchens in both sampling periods. However, we used mixed-effects models to analyze the resulting unbalanced data. Finally, we focused on PM 2.5 and black carbon, while kerosene has other combustion products such as carbon monoxide and nitrogen oxides. 33, 34 However, PM 2.5 remains an important pollutant with well-documented health effects and recommended exposure standards. 15 Despite the limitations noted above, our study does demonstrate that primary lighting source is associated with indoor PM 2.5 levels.
Hurricane lamps are likely less polluting than open-wick kerosene lamps because the flame in a hurricane lamp is shielded from ventilation, leading to more efficient combustion. While we were surprised to find that there were no statistically significant differences in PM 2.5 levels between indoor and outdoor kitchens, a major limitation is that only five of the participants used outdoor kitchens during our study period, and thus, we likely were underpowered to detect a difference.
One-fifth of the global population lacks access to electricity, and most rely on kerosene for lighting. 16 Our findings highlight the import- 
36
In conclusion, we have demonstrated in this field study that reported primary lighting source is significantly associated with indoor PM 2.5 levels, with significantly higher PM 2.5 levels in homes relying on open-wick kerosene lamps compared to homes relying on solar lighting. A solar lighting intervention has the potential to reduce exposure to indoor air particulate exposure in resource-limited settings and should be further studied.
